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Tb2TiO5-Dy2TiO5 和 Fe-Tb2O3-Dy2O3 材料被认为是灰控制棒用中子吸收体材料的
优良候选材料。采用 XRD、SEM、TEM 和 DSC 等观察、分析与表征了球磨粉
末混合物、退火粉末混合物和通过高能球磨和烧结工艺合成的 Tb2TiO5 烧结体的
微观组织结构。同时对粉末混合物在球磨和退火过程中的物相演变机制进行了研
究。测试了 Tb2TiO5 烧结块体的显微硬度、热膨胀系数和热扩散系数。 
Tb4O7-17.605%TiO2 混合粉末在 500 rpm 下球磨 96 h 后，TiO2 完全固溶进
Tb4O7 的晶格中形成了纳米晶固溶体。在 500 rpm 下球磨，Dy2O3-17.636%TiO2
粉末混合物细化、均匀化和纳米晶化，最后粉末混合物全部转变为非晶。同时在
球磨过程中观察到了Dy2O3的晶型转变，从立方转变为单斜。非晶来自单斜Dy2O3，
而不是立方 Dy2O3。然而，在 200 rpm 下球磨，Dy2O3-17.636%TiO2 粉末混合物
只是细化和均匀化。在相同球磨条件下，TiO2 的晶型对球磨最终产物的生成没影
响。Fe-25.68%Dy2O3 粉末混合物在 380 rpm 下球磨 72 h 后形成了纳米晶超固溶
体 Fe(Dy, O)和非晶。在球磨初期 Fe 的晶粒尺寸快速降低，后期趋于稳定；而晶
格参数先快速增加，后期逐渐趋于稳定，增加量非常小。在球磨过程中也观察到
了 Dy2O3 的晶型转变，从立方转变为单斜，然后转变为非晶。对一些 Dy 原子固
溶进 Fe 的晶格中形成超固溶体进行了动力学分析，结果表明球磨过程产生的压
力和许多缺陷导致极少量 Dy 原子固溶进 Fe 的晶格中。Dy2O3-17.636%TiO2 混合
粉末在500 rpm下球磨96 h后在800~1000 ℃退火3 h，一个与立方结构的Dy2TiO5
具有相同晶体结构的中间相生成。该中间相是亚稳相，在 1050 ℃以上退火后转
变为正交结构的 Dy2TiO5。然而，在 200 rpm 下球磨 96 h 的 Dy2O3-17.636%TiO2
粉末混合物在相同温度下退火相同时间后，烧绿石结构的 Dy2Ti2O7 首先形成，





































Neutron-absorption materials are unsed to regulate the reactivity of nuclear 
reactor by absorbing neutrons. Gray control rods are designed to achieve load 
following capability without substantial use of soluble boron. Tb2TiO5-Dy2TiO5 and 
Fe-Tb2O3-Dy2O3 are considered as excellent candidate materials used in gray control 
rods. Microstructures of ball-milling powders, annealed powders and Tb2TiO5 bulks 
synthesised by ball-milling and sintering were characterized using XRD, SEM，TEM 
and DSC. Meanwhile, the evolutionary mechanisms of powder mixtures during ball 
milling and subsequent annealing were analyzed. The microhardness, coefficient of 
thermal expansion and thermal conductivity of Tb2TiO5 sintered bulks were measured.  
After 96 h of ball milling at 500 rpm, TiO2 was completely solved in Tb4O7 and 
the nanocrystalline solid solution was obtained in Tb4O7-17.605%TiO2 powder 
mixtures. At 500 rpm, the Dy2O3-17.636%TiO2 powder mixtures were refined, 
homogenized, nanocrystallized and later completely amorphized, and the 
transformation of Dy2O3 from the cubic to the monoclinic crystal structure was 
observed. The amorphous transformation resulted from monoclinic Dy2O3, not from 
cubic Dy2O3. However, at 200 rpm, the Dy2O3-17.636%TiO2 powder mixtures were 
only refined and homogenized. At the same ball-milling conditions, the crystalline 
structure of TiO2 has less effect on final product during ball milling. Ball milling 
induced the formation of supersaturated nanocrystalline solid solution of Fe(Dy, O) 
and Dy2O3 amorphization in Fe-25.68%Dy2O3 powder mixtures. During the whole 
ball milling process, a rapid decrease in Fe grain size was both observed in the initial 
stage, approaching a constant value was presented in the later stage. However, an 
opposite trend was found in the lattice constant of Fe at the initial stage of ball milling. 
Kinetics analysis indicated that the pressure and many defects generated during ball 
















transformation of Dy2O3 from cubic to monoclinic crystal structure and then to the 
amorphization were also observed during ball milling. An intermediate phase with a 
similar crystal structure to that of cubic Dy2TiO5 was detected in the amorphous 
mixtures annealed from 800 to 1000 ℃ , which was a metastable phase that 
transformed to orthorhombic Dy2TiO5 when the annealing temperature was above 
1050 ℃. However, at the same annealing temperatures, pyrochlore Dy2Ti2O7 initially 
formed and subsequently reacted with the remaining Dy2O3 to form orthorhombic 
Dy2TiO5 in the homogenous mixtures. The microhardness and coefficient of thermal 
conductivity of sintered Tb2TiO5 bulks increased firstly with increasing ball milling 
time, and then decreased. However, an opposite trend was found in the coefficient of 
thermal expansion. For the sintered bulk with powder mixtures milled for 48 h, the 
highest values of both microhardness and thermal conductivity were observed, 
whereas the lowest coefficient of thermal expansion was found. With increasing 
testing temperature, the thermal conductivity of Tb2TiO5 bulks initially fell and then 
rebounded while an opposite trend was found in the coefficient of thermal expansion.  
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因此，国际原子能机构预测，到 2050 年全世界核电装机容量将从目前 350GWe










































2015 年中国进入核电发展的高速期，以华龙一号、AP1000 和 CAP1400 为代表




































罐混泥土到装料为 36 个月，在经 6 个月的调试进入商业运行[5]。基于 AP1000
具有这么多优点，中国引进了 AP1000 核电技术，目前，在浙江三门和山东海阳
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